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Este proyecto se centra en el estudio de los efectos de la radiación espacial 
sobre los componentes electrónicos del femto-satélite, WikiSat desarrollado en 
la EETAC. Presentamos una continuación del proyecto de Laia Molas Pous, 
en el cual se consideraban los efectos de la radiación sobre componentes 
electrónicos en orbitas bajas (LEO) a 28º de inclinación. En nuestro caso 
estudiaremos rangos de altitud similares pero nos centraremos en órbitas 
polares. De esta manera exponemos nuestros modelos de componentes a 
ambientes de radiación mucho más hostiles. 
 
La herramienta principal utilizada es SPENVIS, el software desarrollado por la 
Agencia Espacial Europea (ESA). Este software permite el análisis y cálculo 
de las características y efectos de la radiación espacial sobre componentes 
tanto electrónicos como biológicos que orbitan alrededor de la Tierra. 
 
Utilizando SPENVIS definimos órbitas LEO con 80º de inclinación a diferentes 
altitudes y calculamos los flujos y fluencias de partículas, magnitudes que 
caracterizan la radiación espacial causada por electrones y protones 
atrapados, eventos por partículas solares y radiación cósmica. SPENVIS 
también nos permite crear un modelo de los componentes electrónicos del 
satélite que queremos estudiar y sus respectivas baterías. 
 
Finalmente, analizamos cómo se comporta nuestro dispositivo con el ambiente 
de radiación en las orbitas polares descritas previamente. Presentamos los 
valores de las dosis totales ionizantes (TID), que caracterizan gran parte de los 
daños que podemos esperar en los componentes expuestos a la radiación. 
Como esperábamos los valores obtenidos superan el umbral que permite un 
funcionamiento fiable de los componentes electrónicos. No obstante, se 
muestra cuantitativamente que el MEMS con una de las baterías propuestas y 
las capas de blindaje de plomo o polietileno, acumula DITs de tan solo un 
orden de magnitud por encima del umbral de seguridad de 1 mrad. Este 
resultado apoya la viabilidad de un femto-satelite como el WikiSat operando 
cerca de orbitas polares, a condición de la implementación de un escudo de 
radiación básico y de una elección cuidadosa de dispositivos electrónicos con 
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This project aims to analyze space radiation effects on the electronic 
components of WikiSat, the femto-satellite developed at EETAC. We present a 
further development of the project presented by Laia Molas Pous, in which 
radiation effects on electronic components at 28º inclination Low Energy Orbits 
(LEO) were considered. In this case we study a similar altitude range but focus 
on polar inclination orbits. This way we expose our model components to a 
much more hostile radiation space environment.  
 
The main tool we use is SPENVIS, the software developed by the European 
Space Agency (ESA) that allows the computation and analysis of space 
radiation characteristics and effects on biological and electronic components 
orbiting around the Earth.    
 
Using SPENVIs we define 80º LEO orbits at different altitudes and compute 
particle fluxes and fluencies, magnitudes that characterize space radiation due 
to trapped electron and protons, solar particle events and cosmic radiation. 
SPENVIS also allows us to model the components of the electronic device we 
intend to study and two different types of battery and the shielding properties of 
polyethylene and lead. 
 
Finally, we analyze the interaction between the radiation environment at the 
polar LEOs defined above and our model device and batteries. We present the 
values of total ionizing doses (TID), which characterize an important part of the 
expected damage on systems exposed to radiation. As expected, the obtained 
TID values, are above the threshold that would allow a reliable performance of 
the electronic devices considered. Nevertheless, we show quantitatively that 
the MEMS with one of the proposed batteries and with the shielding layers of 
lead or polyethylene accumulate TIDs only about one order of magnitude 
above the safety threshold of 1 mrad. This result supports the viability of a 
femto-satellite like WikiSat operating near polar orbits, provided a careful 
choice of electronic devices more resistant to radiation and the implementation 
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The Earth is surrounded by hundreds of operational and non-operational 
artificial satellites used by society to accomplish many different objectives, such 
as those related to security, science and communications. These satellites are 
indispensable for modern live as we know it. Therefore being able to keep them 
working is a crucial job, and that means taking into account the many hazards 
that can affect them, such as radiation. 
 
The first satellite launched to the space in 1957 by the URSS was the Sputnik 1. 
Since then technology has continued to develop, and so the sophistication, 
number of components and applications of satellites have. When high levels of 
radiation were detected by the first launched satellites such as the Explorer 1 
and 3, it became a concern for engineers and scientists, who started looking for 
ways of protecting satellites against radiation and for ways of measuring it for 
future studies. 
 
In the context of technology advances from space explorations in the last 
decades one should emphasize the incorporation of the MEMS devices. MEMS 
(Micro-Electro-Mechanical Systems) technology is based on the integration of 
mechanical elements such as sensors and actuators, and electronic elements 
forming small structures of micro metric dimensions. Silicon microelectronics 
and the micro fabrication technology are gathered on a MEMS device, making 
possible the complete implementation of chip systems. Using this technology 
extremely reliable devices are created in very small sizes, with low power 
consume and increasingly resistant to radiation and extreme temperatures 
found on space. 
 
MEMS oscillators are the latest devices used by NASA on space exploration. 
MEMs accelerometers, gyroscopes and other specialized inertial devices have 
kept astronauts and navigation systems secure for the past few years. Although 
MEMS have been widely used on Earth, they are relatively new in space 
applications and therefore their behaviour is not yet fully understood. In this 
project we aim to study how MEMs devices react in front of the radiation 
present in Low Earth Polar orbits. 
 
The design and construction of WikiSat is one of the projects currently 
developed at EETAC. WikiSat is an artificial femto-satellite of 141x30 mm and 
20 grams of weight that includes MEMS technology. In the next few years 
WikiSat will be placed in a circular Low Earth Orbit (LEO) of 28º inclination and 
its useful life is established to span a month. The expected behaviour of WikiSat 
against radiation at LEO 28º orbit was studied in a former TFC project by Laia 
Molas Pous (2011). Her results showed that a LEO at that inclination was a safe 
place for the electronics in terms of radiation, due to the protection of the 
Earth’s magnetosphere. In this work we consider the survival options of the 
same MEMS when placed in much more hostile environments, that is, in polar 
LEOs at 250 km and 1250 km height.    
 
The work we are going to present involves the understanding of the different 
types of radiation in space and the magnitudes that characterise it. It also 
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implies modelling the WikiSat as a structure formed by the MEMS and a battery. 
Since the final details of the WikiSat have not been decided yet, we will be 
taking into account two different battery proposals for the design of the model 
structure. 
 
The main goal of this project is to study the effects of space radiation on the 
WikiSat, taking into account the different orbits and battery proposals. For these 
purposes we have used SPENVIS, software developed by ESA. This software 
allows us to calculate the type and the relevant magnitudes that measure the 
radiation encountered by our satellite at the proposed orbit, and analyze how 
this radiation affects the different electronic and battery components. In order to 
do so SPENVIS allows us to create a multi-layered, one-dimensional structure 
that models our satellite, and then to study how radiation affects different 
component layers.  
 
This project will be organized as follows: 
 
 Chapter 1: This chapter describes briefly ionizing radiation, what it is and 
its different characteristics. We also present brief definitions of the 
relevant magnitudes and units of measure that are used to study it. We 
also describe the Earth’s magnetic field and its efficiency for shielding 
radiation. Finally we present a short overview of the SPENVIS software. 
 
 Chapter 2: This chapter focuses on the two different polar orbits of 250 
km and 1250 km height. We describe their characteristics and quantify 
the radiation present in them. 
 
 Chapter 3: In this chapter the satellite structure is modelled by 
considering it is composed of layers of different width and composition 
that can be introduced in SPENVIS. We take into account the two 
different battery proposals. 
 
 Chapter 4: This chapter allows us to study the different effects caused by 
radiation. In particular, we focus on the total ionizing dose. 
 
 Chapter 5: In this chapter we expose the different models in front 
different sources of incident particles to study the results. 
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CHAPTER 1.  SPACE RADIATION 
 
Radiation may be defined as energy or matter in movement in the form of 
electromagnetic waves and high speed particles. Space radiation is emitted 
either by the Sun, by other stars, or by other high energy sources outside the 
Solar System. Electromagnetic radiation is very common in our everyday lives 
in the form of visible light, radio and television waves, but the Sun also radiates 
ultraviolet, infrared, X and gamma radiation. Radiation can be classified by its 
nature (photons in the case of electromagnetic radiation, or electron, protons or 
different ions in the case of radiation associated to particles with mass). 
Radiation can also be classified by its effects, and then it is divided into two 
categories: ionizing and non-ionizing radiation. 
 
 
1.1 Radiation magnitudes 
 
In order to be able to study radiation and its effects we have to describe the 
different components and characteristics magnitudes that shape it. We present 
here a summary of the magnitudes that are more relevant to understand the 
project. 
 
– Flux: is the amount of energy or number of particles such as photons 
through a unit area per unit time. It is measured in cgs units, 
nºparticles/cm²/s. 
 
If the particles energy distribution is known we can also find the 
integrated flux, which is described as the total energy delivered per unit 
area and time. It is measured in cgs units, MeV/cm²/s. 
 
– Fluence: is the number of particles such as photons through a unit area. 
It is measured in cgs units, nºparticles/cm². 
 
If the particles energy distribution is known we can also find the 
integrated fluence, which is described as the total energy delivered per 
unit area. It is measured in cgs units, MeV/cm². 
 
– Linear energy transfer (LET): is the amount of energy deposited over a 
material per unit of distance traveled and mass unit. It is usually 
expressed in MeV/cm2/g. 
 
– Total ionizing dose (TID):  is a measure of the energy deposited in a 
medium by ionizing radiation per unit mass. Is the integral of the product 
of the particle energy spectrum and the linear energy transfer (LET) as 
function of energy. It is measured in Rads. 
 
– Attenuation factor: is the relation between the incident radiation and 
leaving radiation that goes through a material. It shows the different 
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radiations types penetration capacity. If the attenuation factor is large the 
radiation ability to break through a material is low. 
 
Once we have briefly described these different magnitudes we will consider the 
different radiation types that are important for these project. As we have 
mentioned above we can differentiate radiation types depending on their 
origins, their nature, or the effects they can produce on matter. For this project 
in particular it is desirable to understand the concepts of ionizing, trapped 
radiation and cosmic rays. 
 
1.2 Ionizing Radiation 
 
Ionizing radiation is radiation composed of photons or other particles with 
sufficient energy to remove electrons from atomic orbits. In such case we obtain 
charged particles that can have very high velocities. In the case of biological 
systems this ionization produces the so-called free radicals, which are atoms or 
molecules containing unpaired electrons. This is the type of radiation that is 
evaluated for purposes of radiation protection. Depending on its nature it can be 
classified in: electromagnetic or corpuscular; or depending on its source in 
artificial or natural. 
 
The ability of trespassing a material and, therefore, the danger of causing 
ionization on the target body depends on the type of incident particles. For a 
particle to be ionizing, it must both have a high enough energy and be able to 




Figure 1. Penetration depth for different particles on standard materials 
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The most frequent and important particles identified as ionizing radiation are the 
following: 
 
 Alpha (α) radiation: consists of fast moving helium nuclei formed by two 
protons and two neutrons and it can be stopped by a sheet of paper. 
 
 Beta (β) radiation: consists of electrons and can be halted by an 
aluminium plate.  
 
 Gamma (ɣ) radiation is the highest frequency electromagnetic radiation. 
(it consists of energetic photons). It is eventually absorbed following an 
exponential law as it penetrates a dense material.  
 
 Neutron (n) radiation: consists of free neutrons that are blocked using 
light elements, like hydrogen, which slow and/or capture them. 
 
 
1.2.1  Cosmic rays: X and gamma 
 
Galactic cosmic radiation is the electromagnetic radiation emitted by the “de-
excitation” of certain radioactive nuclei, which is produced during some of the 
most energetic phenomena of the universe (such as supernovae or gamma-ray 
bursts). It originates outside the Solar System. It consists of ionized atoms 
ranging from single protons up to Uranium nuclei. The flux level of these 
particles is very low. However, since they travel very close to the speed of light, 
and because some of them are composed of very heavy elements such as iron, 
they produce intense ionization as they pass through matter. They generate an 
ionizing radiation that can penetrate into matter more deeply than the alpha 
radiation (helium nuclei) or beta (electrons or positrons) that are part of the 
trapped radiation that we will describe below. 
 
For the most part, the Earth's magnetic field provides efficient shielding for 
spacecrafts from galactic cosmic radiation. However, cosmic rays have 
practically free access over the Polar Regions where the magnetic field lines 
are open to interplanetary space (see Figures 2 and 3). 
 
Generally speaking, the materials best fitted for radiation absorption purposes 
are the ones that have high electronic number and density. Moreover, when the 
gamma rays go through the matter, the probability of absorption in a thin layer is 
proportional to its thickness. That leads to an exponential decrease of the 
intensity of radiation with the thickness of the shielding material. 
   
When the gamma rays go through matter, they can ionize it or, in other words, 
they can pull off the charged particles in the atoms. Ionization can happen by 
means of three different processes: 
 
‐ The photoelectric effect: a gamma photon interacts with an atomic 
electron and transfers its energy expelling it from the atom. The kinetic 
energy of the resultant photoelectron is equal to the energy of the 
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gamma photon that comes into contact with the surface minus the 
energy of the electron’s linkage. The photoelectric effect is the energy 
transfer mechanism that dominates among X rays and gamma rays’ 
photons with energies under 0.5 MeV, and is less important for higher 
energies.  
 
‐ The Compton Effect: interaction in which an incident gamma photon 
makes an atomic electron gain enough energy to cause its expulsion 
from the atom. With the energy remaining from the original photon after 
the interaction, a new gamma photon with low energy and an emission 
direction different from the incident one is emitted. It is the main 
absorption mechanism of gamma rays, in the energy levels between a 
100 KeV and 10 MeV. The Compton Effect is weakly dependent on the 
atomic number of the absorbing material. 
 
‐ Production of Pairs: due to Coloumb interactions, the energy of an 
incident photon can be converted spontaneously in the mass of an 
electron-positron pair, at the proximity of an atomic nucleus. The surplus 
energy of the equivalent of the two particles’ mass at rest 1.02 MeV) 
appears as kinetic energy of the newly created pair and the nucleus. The 
positron has a very short life (about 10‐8 seconds). At the end of this 
interval of time it is combined with a free electron. All the mass of these 
particles is converted into two gamma photons of 0.51 MeV of energy 
each.  
 
The secondary electrons (or positrons) produced in any of these mechanisms 
also can have enough energy to cause ionization.  
  
1.2.2 Trapped radiation 
 
The solar wind is known as a constant stream of particles produced by the Sun 
and blown out into space that travels at almost 400 km/s. This stream of 
particles varies in intensity with the amount of surface activity on the Sun. The 
solar wind contains ions from almost every element in the periodic table; 




The rotation of the Earth's molten iron core creates electric currents that 
produce magnetic field lines around the Earth similar to those associated with 
an ordinary bar magnet. This magnetic field extends several thousand 
kilometres out from the surface of the Earth (see Figure 4). 
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A magnetosphere is formed when a stream of charged particles, such as 
the solar wind, interacts with and is deflected by the intrinsic magnetic field of 
a planet or similar body. The Earth is surrounded by a magnetosphere, that 
starts 500 Km above the Earth’s surface and reaches its boundary at the 
magnetopause at approximately 60,000 km. 
 
The Earth’s magnetic field is more intense than the Sun’s magnetic field. The 
solar wind charged particles are forced to move according to these field lines. 
Therefore, we define the magnetosphere as the region surrounding the Earth in 
which the movement of ions is dominated by the Earth's electromagnetic field. 
Inside the magnetosphere the energy associated to the electromagnetic field is 
greater than the kinetic energy of the ionized particles. 
 
The shape of the magnetosphere is completely determined by its interaction 
with the solar wind, which deforms and acquires an elongated appearance, with 
a tail that spreads to a big distance from the earth, in the opposite direction of 




Figure 2. Representation of the magnetosphere 
 
Inside the magnetosphere we can find the ionosphere, in which due to its 
greater density, the ionized particles suffer so many collisions with other 
particles, that they cannot be controlled only by the lines of force of the 
magnetic field. But this situation changes in the superior areas, where the 
density decreases and the collisions are so limited that the movement of the 
charged particles is highly controlled by the magnetic field.  
 
 
1.2.2.2. Van Allen Belts 
 
As we have mentioned not all of the particles are deflected by the 
magnetosphere.  Instead, some particles are trapped in the Earth's magnetic 
field. The particles can be contained in one of the two doughnut-shaped 
magnetic rings surrounding the Earth called the Van Allen radiation belts. 
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The inner belt contains a fairly stable population of protons with energies 
exceeding 10 MeV. It starts at 500 Km and it extends up to 5000 km above the 
Earth’s surface. 
 
The outer belt contains mainly electrons with energies up to 10 MeV. It starts at 
10,000 Km and finishes at 15,000 Km above the Earth's surface. 
 
The charged particles which compose the belts circulate along the Earth's 
magnetic lines of force.  
 
There is a part of the inner Van Allen belt that dips down to about 200 km into 
the upper region of the atmosphere over the Southern Atlantic Ocean off the 
coast of Brazil. This region is known as the South Atlantic Anomaly (SAA). The 
dip results from the fact that the magnetic axis of the Earth is tilted 
approximately 11 degrees from its spin axis, and the center of the magnetic field 
is offset from the geographical center of the Earth by 280 miles. The largest 
fraction of the radiation exposure received during spaceflight missions has 




Figure 3. Van Allen Belts showing the cause of the South Atlantic Anomaly 
 
 
The particles trapped in the Van Allen Belts follow three different types of 
movement: a rapid rotation around the magnetic field lines defining a spiral 
movement, a slow rocking forward and backwards and a slow drift around 
Earth’s magnetic axis. 
 
The software that we will be using during this project, SPENVIS, is able to 
simulate the fluxes of trapped particles in the Earth’s magnetic field lines. In the 
next few lines, we will show two examples of figures in which trapped radiation 
fluxes of electrons and protons are represented. 
. 




Figure 4. Trapped electrons flux simulation with SPENVIS 
 
Figure 4 shows the trapped electron flux over 1 MeV in an invariant coordination 
space. We can observe the flux is mainly divided between two different 
intensities. For distances lower than the earth’s radius which corresponds with 
the inner Van Allen belt the flux is between 10³ and 104	cm‐2	 	s‐1	(green color). 
On the other hand for greater distances where the outer belt lays, the flux 
ranges between 10	5 and 106 cm‐2	s-1(red). 
 




Figure 5. Trapped protons flux simulation with SPENVIS 




The high energy protons (10 MeV) can only be found in heights lower than 





During this project we will be using the free access software SPENVIS (Space 
Environment Information System) developed by the European Space Agency 
(ESA). 
 
SPENVIS allows us to simulate the radiation that a hypothetical spacecraft 
would encounter in the different orbits which we can define. Besides, with this 
software we can model a spacecraft with the approximate geometry and the 
materials we want to use and study its interactions with the incident radiation. 
We can also select the different types of radiation we want our satellite to be 
exposed to and study separately its possible effects. 
 




Figure 6. SPENVIS main menu with the coordinate generators submenu. 
 
As we can see in Figure 6 there are 9 different options. During this project we 
will use the Coordinate generators, Radiation sources and effects and the 
Geant4 Tools. 
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The coordinate generators allow us to design a mission choosing its duration 
and creating the orbit we desire by defining its height, inclination and shape. 
Creating an orbit is essential and, therefore, it is a necessary previous step 
before advancing to other sections, since the programme gathers all the 
information it needs to simulate radiation from this section. 
 
Once we have designed a mission and created an orbit we can move forward to 




Figure 7. SPENVIS main menu with the radiation sources an effects submenu 
 
Inside this section, as we can see, we have many options, and all of them are 
referred to the orbit we created before. This section allows us to analyse all 
types of radiation present.  
 
SPENVIS is able to automatically generate simulations of the space radiation. 
However, these simulations rely on the models used. Correctly selecting the 
models that interest us is an important factor. During this project we will be 
working with de radiation model AP-8 and AE-8. 
 
These are models developed by NSSDC (National Space Science development 
Center). AP-8 and AE-8 are the standard models of radiation belts particles for 
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electrons and protons. The AP-8 model for protons covers protons from 0.1 to 
400 MeV. The AE-8 model for electrons covers electrons from 0.04 to 7 MeV. 
These models give omni-directional fluxes. 
 




Figure 8. Geant4 tools submenu in SPENVIS 
 
 
From these options we will only be using the Multi-Layered Shielding 
Simulation, which allows us to create a multi-layered, one-dimensional structure 
that models our satellite. We can as well define the incident particles source, 
and using the Geant4 toolkit simulate radiation transport through the geometry, 
treating electromagnetic and nuclear interactions. 
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CHAPTER 2.  POLAR ORBITS 
 
The function that a certain satellite is expected to perform and the type of data it 
is going to acquire are key factors that determine the choice of its orbital 
parameters. In this work we consider a satellite following a polar orbit for 
different altitudes, all of them in the range of Low Earth Orbits (LEO). This study 
somehow deviates from the expected orbit that WikiSat will follow, but it is 
interesting in the sense that it allows us to analyze the survival options of 
WikiSat in much more hostile radiation environments.  
Given the shape of the magnetosphere, considering polar orbits allows us to 
obtain information about radiation in zones relatively close to the Earth surface 
that are highly exposed to space radiation. From a general perspective, this 
information is relevant, for instance, in terms of reliability of communication 
systems or in relation of health issues of the crew of aircrafts that fly near the 
Poles. 
 
2.1 Case 1: Low Earth Polar Orbit at 250 Km 
 
Low Earth orbits (LEO) are generally defined as orbits extending between 
distances of about 160 km and up to distances of about 2.000 km above the 
Earth's surface. They are generally circular orbits around the Earth that are 
located between the atmosphere and below the inner Van Allen radiation belt, 
which is located around an altitude of 1,000 km above the Earth's surface. 
 
The bottom limit of a LEO is defined at the height where the atmospheric 
density is low enough that the friction caused by it cannot rapidly stop an 
orbiting object. The top limit is located near 2,000 km. were ionized particles are 
heavily energetic, so that they are able to damage an unprotected artificial 
satellite or biologic components in relatively short timescales. 
 
The majority of artificial satellites are placed in LEO, where they travel at about 
27,400 km/h, which allows them to make one complete revolution around the 
Earth in about 90 minutes. 
 
A polar orbit is an orbit in which the satellite passes above or nearly above both 
geographic (and magnetic) Earth Poles on each revolution. Therefore the 
inclination of a Polar orbit is close to 90º above the equator. 
 
As mentioned above the first case we are going to study is a LEO orbit with the 
following characteristics: 
 
 Altitude: 250 km 
 
 Inclination: 80º 
 
 Period: 1.49 h 
 




In order to simulate the effects of radiation we used the following trapped 
radiation models, provided in SPENVIS: 
 
 Electrons: AE-8 
 
 Protons: AP-8  
 
 
Figure 9. Orbital parameters as a function of time (Altitude, latitude, longitude 
and local time) for the Low Earth Orbit at 250 km of altitude and 80º of inclination. 
     
 
 
Figure 10. Trapped electron average spectra for the Low Earth Orbit at 250 km of 
altitude and 80º of inclination. 
 
Left panel of Figure 10 shows, with a logarithmic scale, the integral flux (dotted 
line) and the differential flux (continuous line) of electrons from the Van Allen 
Belts found on the orbit described above. Right panel of Figure 10 shows the 
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flux projection over the world map. As we can see only the relevant effects 
appear at the South Atlantic Anomaly and near the Poles, where space 
radiation are noticeable. 
 
The integral flux of trapped electrons shown in the former figure starts at 0.3 
MeV with a flux around 10,000 cm¯² s¯¹, afterwards the flux starts to decrease 
exponentially until it reaches 0.01 cm¯²s¯¹ with electrons with an energy around 
6 MeV. 
 




Figure 11. Trapped protons average spectra and world map for the Low Earth 
Orbit at 1250 Km of altitude and 80º of inclination. 
 
 
Figure 11 shows, in logarithmic scale, the integral and differential flux of trapped 
protons from the Van Allen Belts found on the orbit described above (left panel), 
as well as  the projection of the flux on the world map (right panel). As we can 
see only the effects over the South Atlantic Anomaly can be perceived. In this 
case the flux of protons near the Poles is practically negligible.  
 
The integral flux of trapped protons shown in Figure 11 starts at 0.1 MeV with a 
flux of 40,000 cm¯² s¯¹. Afterwards the flux decreases slowly until it reaches 0.2 
cm¯²s¯¹, with protons with an energy around 2 MeV. Then it becomes more or 
less stable at 0.1 cm¯²s¯¹ until it reaches proton energy values around 100 MeV. 
Finally the flux decreases rapidly to 0.001 cm¯²s¯¹ at energies around 200 MeV. 
 
The energy range varies from 0.1 MeV to 1000 MeV. 
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2.2 Case 2:  Low Earth Polar Orbit at 1250 Km 
 
In this case we are going to describe an orbit equal to the one we studied 




 Altitude: 1250 km 
 
 Inclination: 80º 
 
 Period: 1,84 h 
 
To simulate the effects of radiation we used the following trapped radiation 
models: 
 
 Electrons: AE-8 
 





Figure 12. Orbital parameters as a function of time (Altitude, latitude, longitude and local time) 
for the Low orbit at 1250 km of altitude and 80º of inclination. 
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Figure 13. Trapped electron average spectra and world map for the Low Earth 
Orbit at 1250 km of altitude and 80º of inclination. 
 
Figure 13 shows the integral and differential flux of electrons coming from the 
Van Allen Belts found on the polar orbit at 1250 km, with a logarithmic scale, 
(left panel) and the flux projection over the world map (right panel). 
 
As we can see the flux of trapped electrons starts at 0.04 MeV with a flux of 10⁶ 
cm¯² s¯¹ the flux is more or less stable from 0.04 MeV to 0.1 MeV. Afterwards 
the flux starts to decrease exponentially until reaching 0.1 cm¯²s¯¹ with electrons 
with energy around 6 MeV. 
 




Figure 14. Trapped protons average spectra and world map for the Low Earth 









Figure 14 shows, in a logarithmic scale, the integral and differential flux of 
trapped protons coming from the Van Allen Belts found on the orbit described 
above (left panel) and the flux projection over the world map (right panel). 
 
As we can see the integral flux of trapped protons starts at 0.1 MeV with a flux 
of 40,000 cm¯² s¯¹ afterwards the flux decreases fast until reaching 1000 cm¯²s¯¹ 
with protons with an energy around 1 MeV. Then the flux becomes more or less 
stable from 1MeV to 80MeV. Finally the flux decreases rapidly to 100 cm¯²s¯¹ at 
energies around 300 MeV. 
 
The energy range varies from 0.1 MeV to 1000 MeV. 
 
Table 1 presents a summary of the results described above. For the case of 
electrons, the effects are not only localized over the South Atlantic Anomaly. 
We can see the radiation affects an extended area mainly at the SAA, but also 
Polar Regions. For the case of protons, the fluxes near the Poles are practically 
negligible. Both for electrons and protons the relevant energy range is 
independent of altitude, and lays between 0.01 and 100 MeV for the case of 
electrons and between 0.1-1000 for the case of protons. Flux ranges are wider 
at higher values and their maximum values are higher for higher altitudes in the 
case of electrons. In the case of protons the maximum flux values are 




 Polar 250 km Polar 1250 km 









Electrons 0.01-100 10-2-104 Poles,SAA 0.01-100 0.1-106 Poles,SAA
Protons 0.1-1000 10-3 -
4·104 




Table 1 Summary of energy and flux ranges for electrons and protons in the 
considered orbits. 
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CHAPTER 3.  SATELLITE LAYER COMPOSITION 
 
The part of the satellite that is simultaneously most important and sensitive is 
the electronics. Both the radiation particles that constitute the solar wind and the 
ones proceeding from outside of the Solar System, such as protons, electrons, 
neutrons or different nuclei may cause serious problems and alter the behavior 
of the materials onboard. For instance the properties of semiconductors can be 
modified or insulators can become able to conduct electricity. Therefore we 
should be especially careful during the radiation hardness assurance process. 
 
In this chapter we will consider two different options for the layer system of the 
satellite WikiSat. In each system a different Lithium battery is proposed. The 
advantage of the second battery is that it is reloadable and somewhat cheaper, 
while keeping practically the same properties of the first battery.  
 
3.1 Structure description 
 
 Wikisat has three main different sets of electronic components: 
 
– Case QFN24 (4x4x0.9 mm) for the transceiver, the gyroscopes and the 
temperature sensors. 
 
– Case MLF QFN (5x5x1 mm) for the MCU (Micro Controller Unit) SRAM. 
 
– Case LGA16 (3x3x1 mm) for the accelerometers. 
 
 
One possible way of treating with SPENVIS the geometry of the objects 
exposed to radiation is to consider they are composed of horizontal layers of 
different materials. In our case, in order to be able to model approximately the 
WikiSat material layers, we distinguish 5 main parts in its whole body:  
 
– The satellite battery. As we have mentioned we will study two different 
battery proposals: 
1. A button cell battery CR2450 of 5 mm thick. 
2. A Lithium polymer battery PL 482648 of 5.5 mm. 
 
– An Aluminum (Al) layer of 2 mm. 
 
– A silicon dioxide layer (SiO₂) of 1 mm, to simulate the fiberglass layer of 
the Wikisat (fiber + resin) validated for the space in the NASA SP8108 
specification.   
 
– A MEMS QFN24 device of 0,9 mm with the approximation of its main 
materials. 
 
– A 0.1 mm thick Copper (Cu)  last layer. 





Figure 15. WikiSat structure. 
3.2 Materials 
 
First of all we will describe and analyze the effects of space radiation on the 
multilayer system without the battery. This part of the study is relevant, since 
this device does not cover all the electronic parts and therefore radiation can 
impact on the system without first crossing the battery. Along the next few 
paragraphs we will describe the materials comprising the satellite. 
 
SPENVIS does not include by defect all the necessary materials that comprise 
the WikiSat, but it allows introducing new materials by giving its density and 
stoichiometry. This way we have introduced the fiberglass and the resin 
covering of the femto-satellite melted silicon dioxide (SiO₂). This approximation 
is quite reasonable, since the fiberglass composition consist of a 61-66% of 
silicon dioxide. 
 
The resin covering will be divided into two layers of 0.5 mm, the first 
representing the upper part of the MEMS device, the QFN24, and the second 
one will be the lower structural part. 
 
In Table 2 we show the material composition of the QFN 24 device. As we can 
see the device composition is very complex and therefore in order to perform 
our simulation we simplify it by taking into account only the materials that are 
more abundant in mass for each component. 
 
We model the QFN24 covering the same way as we have modeled the resin 
covering of the satellite, as melted silicon dioxide (SiO₂). The covering will be 
divided in two parts 0.13 mm thick that covers the other device materials, one 
on top and the other underneath. 
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With the table values simplified, the device will be formed of 0.13 mm of copper, 





Table 2. QFN24 materials table1. 
 
 
The lower part of the satellite is a thin layer of 0.1 mm of copper, being this the 
last layer that protects the device. 
 















                                            
1 More detailed QFN24 material table 

























3.2.1 Battery 1 Material Composition 
 
In order to understand what happens when radiation impacts after passing 
through the battery, we repeat the same test with the full system, that is, taking 
into account also the different layers of the first battery.  
 
The covering CR2450 (the battery) is divided in 4 layers: both the first and the 
fourth (0.4 mm thickness each) are made of stainless steel. The second layer, 
of 1.8 mm thickness, is made of lithium. Finally, the third layer of 2.4 mm 
thickness and its cathode consist of manganese dioxide (MgO₂, ρ= 5.026 
g/cm3). 
 
Since the layers of the battery are considerably thicker than the ones we have 
been working with, we will try to make the composition of its materials the most 
similar to the SPENVIS as we can. The last allows us the possibility to introduce 
the material’s chemical formula, as well as its density.  
 
Steel is a fundamental alloy of iron and carbon (in a proportion not higher than 
2.1%) and other non-metallic elements. The non-metallic element atoms are 
integrated in the net that forms the iron’s structure, modifying its properties and 
giving rise to a new material which has proved to be much more useful than 
pure iron in an industrial context. The proportion and the elements that 
complement the alloy Fe+C will be the ones to determine the properties of a 
certain type of steel, and consequentially, its uses. These non-metallic elements 




Layer Material Thickness (mm) 
1 Al 0.02 
2 SiO₂ 0.5 
3 SiO₂ 0.13 
4 Cu 0.13 
5 Si 0.13 
6 Ag 0.13 
7 Au 0.13 
8 Sn 0.12 
9 SiO₂ 0.13 
10 SiO₂ 0.5 
11 Cu 0.1 
Figure 16. Layers of system without the battery. 
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Iron 56 70 100 
Chrome 52 16.5 25 
Nickel 59 10 13 
molybdenum 96 2 2 
manganese 55 1.5 2 
 
Table 3. Austenitic steel composition approximation, relative atomic mass and 
mass percentage for each material. 
 
 
The battery that we are considering is covered by a type of steel known as 
austenitic. According to the ACERINOX2 table the austenitic steel AISI 316L is 
composed of around 70% of iron, 16.5% of chrome, 10% of nickel, 2% of 
molybdenum and 1.5% of manganese (all percentages given in mass). In our 
simulation we have rejected the elements with percentages under 1%, such as 
carbon, silicon, phosphorus and sulfur.  
 
In our case, we are especially interested in the proportion (in number of atoms) 
of iron and non-metallic elements, since the probability of radiation on one 
element or the other will be directly proportional to its relative atomic mass. At a 
complete Periodic Table of the Elements one can find the density and atomic 
mass of each element. From these values we can calculate the approximated 
stoichiometry of the austenite as follows. We call the relative atomic mass of a 
certain element “Rm”. Knowing that an element, for instance iron, has Rm = 56 
u.m.a., that means that in a mol of iron we will have a mass of 56 grams. 
Moreover, we know the mass percentage of the austenitic steel. 
 
So if we have 100 grams of austenitic steel the number of moles of a given 




If we repeat the calculation for every element of the austenitic steel it follows 
that for every 100 moles of iron there are 25 moles of Chrome, 13 moles of 
Nickel, 2 moles of Molybdenum and 2 of Manganese. The atom proportion is 
the same that the one in moles, and therefore, it can be used to introduce the 
material in the SPENVIS. 
 
Once we have determined the battery layer composition we add it to the 
satellite 11 layer System. This way we obtain the final satellite representation 





                                            
2 ACERINOX table at annex B 









3.2.2 Battery 2 Material composition 
 
This time we will repeat the same test with the full system, taking into account 




Figure 18. PL482648 battery 
Layer Material Thickness 
(mm) 
1 Austenitic steel 0.4 
2 Li 1.8 
3 MgO₂ 2.4 
4 Austenitic steel 0.4 
5 Al 0.02 
6 SiO₂ 0.5 
7 SiO₂ 0.13 
8 Cu 0.13 
9 Si 0.13 
10 Ag 0.13 
11 Au 0.13 
12 Sn 0.12 
13 SiO₂ 0.13 
14 SiO₂ 0.5 
15 Cu 0.1 
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We will consider the second battery material composition equal to de first button 
battery structure. With the only difference being that the first layer of austenitic 
steel will be 5 mm thick instead of 0.4 mm. These changes will allow us to study 
the shielding properties of the steel. 
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CHAPTER 4.  RADIATION STUDY BY LAYERS 
 
SPENVIS Geant4 tool application allows us to model a multi-layered, one-
dimensional shield to define our satellite. This way we can simulate the layer 
systems described on Chapter 3. 
 
This application allows us to define all the necessary materials present in our 
satellite. It has the option of using pure materials or composed materials but 
regardless of its large list of options, as we have mentioned before, we had to 
do some approximations and introduce ourselves the stoichiometry and density 
of the austenite. After defining all the materials present we introduce the 
geometry and thickness of each layer. 
 
Once we have created the models we can test them against the radiation 
present in the orbits we choose. We can as well define the incident particles 
source, and using the Geant4 tool kit, simulate radiation transport through the 
geometry, treating electromagnetic and nuclear interactions.  
 
In particular, we analyse how protons and electrons behave when they interact 
with the different layer systems we mentioned in Chapter 3: one without battery 
and the other two with different batteries. We perform our tests in front the 
radiation present in the two different orbits defined in this project. 
 
In all cases we follow the same analysis model to be able to compare results: 
 
 10 and 100 incident electrons as a source of incident particles. 
  
 10 and 100 incident protons as a source of incident particles. 
 
The figures we show correspond to the simulations of the three different layer 
systems. Each layer colour matches the colours in figure 3.3 and 3.5. In these 
simulations we can differentiate electrons in red, protons in blue and secondary 
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4.1 Low Earth Orbit at 250 km 
 
4.1.1 10 incident particles 
 
4.1.1.1 Electrons   
 
 
Figure 19. System without battery (left), with button battery (middle) and with 
second battery (right). 10 electrons as incident particles. 250 km height. 
 
           
The radiation considered to perform these simulations is the one we find in the 
Low Earth Orbit at 250 km studied on Chapter 2. The integral flux of trapped 
electrons started at an energy of 0,3 MeV, with a peak in the flux around 10,000 
cm¯² s¯¹, afterwards the flux starts to decrease exponentially until reaching 0.01 
cm¯²s¯¹, with electrons of energy around 6 MeV. 
 
As we can observe the radiation in the two systems with battery appears 
attenuated at the first layer, protecting the electronic components. The system 
without battery figure shows how the electron radiation is mainly attenuated at 
the first layer, but secondary radiation as gamma rays is also present 
trespassing through second and third layer (copper).  
 
Gamma rays are produced by a number of processes in which very high-energy 
electrons are produced. Such electrons produce secondary gamma rays by the 
mechanisms of bremsstrahlung or inverse Compton scattering. A basic 
perspective of these processes would be that they are mainly caused when an 
incident electron with relatively low velocity strikes on an electron of the target 
material, causing a decrease in the energy of the electron (that associated to an 
atomic orbital or its kinetic energy,). Since energy is conserved the energy lost 
from the recoiling electron is transformed into gammy rays. 
 
On the other hand, when the incident electron has a higher velocity and strikes 
an electron from the surface material it promotes the surface electron to a 
higher orbital, which requires extra energy. This energy comes from the one 
that incident particle loses and in general this process attenuates radiation.   
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4.1.1.2  Protons 
 
 
Figure 20. System without battery (left), button battery system (middle) and 
second battery system (right). 10 protons as incident particles. 250 km height. 
         
 
The radiation considered to perform these simulations is the one we find in the 
Low Earth Orbit at 250 km studied on Chapter 2. The integral flux of trapped 
protons coming from de Van Allen belts starts at 0.1 MeV with a flux of 40,000 
cm¯² s¯¹. Afterwards the flux decreases slowly until it reaches 0.2 cm¯²s¯¹ with 
protons with an energy around 2 MeV. Then the integral flux becomes more or 
less stable at 0.1 cm¯²s¯¹ until it reaches protons with an energy around 100 
MeV. Finally the flux decreases rapidly to 0.001 cm¯²s¯¹ at energies around 200 
MeV. 
 
As we can observe the radiation in the three systems appears attenuated at the 
first layer. Therefore we can consider the electronic components protected from 
its effects.  
 
 
4.1.2 100 incident particles 
 
4.1.2.1  Electrons 
 
            
Figure 21. System without battery (left), button battery system (middle) and 
second battery system (right). 100 electrons as incident particles. 250 km height. 
 
 




The radiation used to create these simulations is the one we find in the Low 
Earth Orbit at 250 km seen in chapter two. The integral flux of trapped electrons 
started at 0.3 MeV with a flux around 10,000 cm¯² s¯¹, afterwards the flux starts 
to decrease exponentially until reaching 0.01 cm¯²s¯¹ with electrons with an 
energy around 6 MeV. 
 
As we can observe the electronic radiation at the system without battery 
penetrates all the way to the fifth layer (silver), and it would probably cause 
significant damage on the electronic components, as well as their performance. 
We can also see that secondary radiation is also present reaching layer four. 
  
Electronic radiation in the system with the button battery (0.4 mm austenitic 
steel first layer) is absorbed at the first layer. Secondary radiation on the other 
hand reaches through almost all the satellite and reaches the MEMS device. 
This could cause some damage on the system. 
 
In the second battery system (5 mm austenitic steel first layer) electron radiation 





             
Figure 22. System without battery (left), button battery system (middle) and 
second battery system (right). 100 protons as incident particles. 250 km height. 
 
 
The radiation used to perform these simulations is the one we find in the Low 
Earth Orbit at 250 km described on Chapter 2. The integral flux of trapped 
protons coming from de Van Allen belts starts at 0.1 MeV with a flux of 40,000 
cm¯² s¯¹ afterwards the flux decreases slowly until it reaches 0.2 cm¯²s¯¹ with 
protons of an energy around 2 MeV. Then it becomes more or less stable at 0.1 
cm¯²s¯¹ until it reaches protons with an energy around 100 MeV. Finally the flux 
decreases rapidly to 0.001 cm¯²s¯¹ at energies around 200 MeV. 
 
As we can observe the radiation in system without battery is attenuated at the 
first layer, protecting the electronic components.  
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Proton radiation in both systems with battery is present all through the satellite, 
also causing little secondary electron radiation. 
 
 
4.2 Low Earth Orbit at 1250 km 
 
4.2.1 10 incident particles 
4.2.1.1 Electrons   
 
           
Figure 23. System without battery (left), button battery system (middle) and 
second battery system (right). 10 electrons as incident particles. 1250 km height. 
 
The radiation used to create these simulations is the one we find in the Low 
Earth Orbit at 1250 km seen in chapter two. The flux of trapped electrons starts 
at 0.04 MeV with a flux of 10⁶ cm¯² s¯¹ the flux is more or less stable from 0.04 
MeV to 0.1 MeV afterwards the flux starts to decrease exponentially until 
reaches 0.1 cm¯²s¯¹ with electrons with an energy around 6 MeV. 
 
As we can observe the radiation in the two systems with battery is attenuated at 
the first layer, protecting the electronic components. 
 
On the other hand the system without battery figure shows electron radiation 





Figure 24. System without battery (left), button battery system (middle) and 
second battery system (right). 10 protons as incident particles. 
             




The radiation used to create these simulations is the one we find in the Low 
Earth Orbit at 1250 km seen in chapter two. The integral flux of trapped protons 
starts at 0.1 MeV with a flux of 40,000 cm¯² s¯¹ afterwards the flux decreases 
fast until it reaches 1000 cm¯²s¯¹ with protons with an energy around 1 MeV. 
Then the flux becomes more or less stable from 1MeV to 80MeV. Finally the 
flux decreases rapidly to 100 cm¯²s¯¹ at energies around 300 MeV. 
 
As we can observe the radiation in the three systems is attenuated at the first 
layer, protecting the electronic components.  
 
 




         
Figure 25. System without battery (left), button battery system (middle) and 




The radiation used to perform these simulations is the one we find in the Low 
Earth Orbit at 1250 km seen in Chapter 2. The flux of trapped electrons starts at 
0.04 MeV with a flux of 10⁶ cm¯² s¯¹. This flux is more or less stable from 0.04 
MeV to 0.1 MeV and afterwards the flux starts to decrease exponentially until it 
reaches 0.1 cm¯²s¯¹ with electrons with an energy around 6 MeV. 
 
As we can observe the radiation in the two systems with battery is attenuated at 
the first layer, protecting the electronic components. 
 
On the other hand the system without battery figure shows electron radiation 













           
Figure 26. System without battery (left), button battery system (middle) and 
second battery system (right). 100 protons as incident particles. 1250 km height. 
       
 
The radiation used to perform these simulations is the one we find in the Low 
Earth Orbit at 1250 km seen in Chapter 2. The integral flux of trapped protons 
starts at 0.1 MeV with a flux of 40,000 cm¯² s¯¹. Afterwards the flux decreases 
fast until it reaches 1000 cm¯²s¯¹ with protons with an energy around 1 MeV. 
Then the flux becomes more or less stable from 1MeV to 80MeV. Finally the 
flux decreases rapidly to 100 cm¯²s¯¹ at energies around 300 MeV. 
 
Proton radiation in the three systems with battery is present all through the 
satellite, and it also causes some secondary electron radiation (red lines in on 
Figure 26). 
 
In all cases performing computations with only 10 electrons does not yield good 
enough statistics, as the apparent penetration of radiation is much lower than 
for the 100 particle cases. We need to compute the magnitudes related to the 
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CHAPTER 5.  RADIATION EFFECTS, TOTAL IONIZING DOSE 
 
Radiation in space is consists on particles emitted from a variety of sources 
both within and beyond our Solar System. The harsh space environment can 
temporally or even definitely affect or damage unprotected electronic devices. 
Even though some of the radiation can be shielded, excessive exposure to 
energetic particles can degrade the performance of devices, ultimately leading 
to component failure. Heavy ions, neutrons, and protons can scatter the atoms 
in a semiconductor network, introducing noise and error sources. Cosmic rays 
speeding through space can strike microcircuits at sensitive locations, causing 
immediate upsets known as single-event effects. Passive electronic 
components and even straightforward wiring and cabling can be seriously 
affected by radiation.  
 
A typical integrated circuit contains various elements such as capacitors, 
resistors, and transistors embedded in a silicon substrate, so that different parts 
can be communicated by conductors or isolated by dielectrics and covered by 
protective layers. Problems arise when space radiation changes the normal 
function of these components or destroys the isolation between them, for 
example, radiation is able to ionize a dielectric material and transform it into a 
conductor. 
 
Different types of radiation affect electronics in different ways. In this chapter we 
will describe the effects of radiation taking into account the orbits we have 
studied in the previous chapters. 
 
5.1 Total ionizing Dose Effects 
 
Total dose refers to the integrated radiation dose that is accrued by the satellite 
electronics over a certain period of time. The radiation has the capability to 
damage materials by ionizing them. The mechanism by which energetic ions 
can cause damage to materials is by breaking and/or rearranging atomic bonds. 
In general, after exposure to sufficient total-dose of radiation, most insulating 
materials such as capacitor dielectrics, circuit-board materials, and cabling 
insulators become less insulating or become more electrically leaky. Similarly, 
certain conductive materials, such as metal-film resistors, can change their 
characteristics under exposure to relatively high total-dose radiation. The metal 
conductors themselves and magnetic materials tend to be quite radiation hard 
or resistant to radiation effects. Semiconductor devices in particular exhibit a 
number of interesting effects. It is important to choose materials and 
components for satellite electronics that have the necessary radiation tolerance 
for the required mission.  
 
Perhaps the most common component in modern microelectronics is the MOS 
transistor. Coincidentally, it can also be particularly sensitive to radiation. The 
MOS transistor is an active component that controls the flow of current between 
its source and drain electrodes. Commonly used as a switch in digital circuits, it 
may be open or closed depending on whether a voltage is supplied to its control 
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gate electrode. For example, when sufficient voltage is applied to the gate of a 
NMOS transistor, it allows current to flow; when the voltage remains below the 
critical threshold, the gate does not permit current to flow. The gate oxide, which 
isolates the gate from the source and drain, is an ideal insulator made of silicon 
dioxide. 
 
Problems arise when this device is exposed to radiation. First, the gate oxide 
becomes ionized by the dose it absorbs. The free electrons and holes drift 
under the influence of the electric field that is induced in the oxide by the gate 
voltage. After sufficient radiation dose, a large positive charge builds up, having 
the same effect as if a positive voltage were applied to the gate. With enough 
total dose, the device turns on even if no control voltage is applied. The 
transistor source-drain current can no longer be controlled by the gate and 
remains on permanently. 
 
Since circuit manufacturers managed to develop circuits with a tolerance of one 
mrad, MOS transistors have gained a higher radiation resistance. Moreover, 
since their effective sections keeps growing smaller the chances of radiation 
incidence also diminishes.  
 
We will study the total ionizing dose generated on our device taking into 
account the different battery proposals on the two orbits we have described. 
 
 
5.1.1 TID for button battery at LEO 1250 km  
 
5.1.1.1 100 incident particles 
 
 
Figure 27. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 10,000 to 100,000 rad) versus layer number, right 
panel represents protons total ionizing dose (from 10 to 1000 rad) versus layer 
number. 1250 km height orbit. 100 incident particles. 
 
Figure 27 shows electron (left) and proton (right) Total Ionizing Doses (TID), 
measured in rad, for 100 incident particles, on the Button battery layer system 
located on the 1250 km height orbit. 
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On the electrons case TID at the battery first layers (austenitic steel) is around 
10,000 rad, which is way higher than the tolerance limit of 1 mrad mentioned 
before. Since this is the battery steel layer and not the electronic components 
there would be no problem with these levels of ionizing dose. 
 
On the proton case TID has a value of 100 rad for the battery layers, which is 
also over the limit. This time there is no Ionizing Dose present on the rest of 
layers.  
 
In this case (button battery at 1250 km for 100 incident particles) there would be 
no problems with radiation on the electronic components. 
 
5.1.1.2 1000 incident particles 
 
 
Figure 28. Left panel represents the structure with battery (purple columns) 
electron ionizing dose (from 10 to 100,000 rad) versus layer number, right panel 
represents protons total ionizing dose (from 10 to 1000 rad) versus layer number. 
1250 km height orbit. 1000 incident particles. 
 
Figure 28 shows electron (left) and proton (right) Total Ionizing Doses, 
measured in rad, for 1000 incident particles, on the Button battery layer system 
located on the 1250 km height orbit. 
 
On the electrons case TID at the battery layers is around 1000 rad, which is 
way higher than the tolerance limit of 1 mrad mentioned before. Since these are 
the battery layers and not the electronic components there would be no major 
problem with these levels of ionizing dose. However we also find 10 rad TID on 
layer 11 (gold). 
 
On the proton case TID has a value of 100 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 








5.1.2 TID for second battery at LEO 1250 km  




Figure 29 Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 1,000 to 10,000 rad) versus layer number, right 
panel represents protons total ionizing dose (from 10 to 1,000 rad) versus layer 
number. 1250 km height orbit. 100 incident particles. 
 
 
Figure 29 above shows electron (left) and proton (right) Total ionizing Dose, 
measured in rad, for 100 incident particles, on the second battery layer system 
located on the 1250 km height orbit. 
 
On the electrons case TID at the battery first layer is around 1000 rad, which is 
way higher than the tolerance limit of 1 mrad mentioned before. Since this is the 
battery layer and not the electronic components there would be no problem with 
these levels of ionizing dose. 
 
On the proton case TID has a value of 100 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
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5.1.2.2 1000 incident particles 
 
 
Figure 30. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 1,000 to 10,000 rad) versus layer number, right 
panel represents protons total ionizing dose (from 10 to 1000 rad) versus layer 
number. 1250 km height orbit. 1000 incident particles. 
 
Figure 30 shows electron (left) and proton (right) Total ionizing Dose, measured 
in rad, for 1000 incident particles, on the second battery layer system located on 
the 1250 km height orbit. 
 
On the electrons case TID at the battery layers is around 1000 rad, which is 
way higher than the tolerance limit of 1 mrad mentioned before. Since these are 
the battery layer and not the electronic components there would be no problem 
with these levels of ionizing dose. On the proton case TID has a value of 100 
rad for the battery layers, which is also over the limit. For the rest of the layers 
including the MEMS device there is an ionizing dose around 50 rad, which is 
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5.1.3 TID for button battery at LEO 250 km  




Figure 31. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 1 to 1,000 rad) versus layer number, right panel 
represents protons total ionizing dose (from 0.01 to 1.0 rad) versus layer number. 
250 km height orbit. 100 incident particles. 
 
 
Figure 31 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 100 incident particles, on the Button battery layer system located on 
the 250 km height orbit. 
 
On the electrons case TID at the battery layers is around 100 rad, which is way 
higher than the tolerance limit of 1 mrad mentioned before. Since these are the 
battery layer and not the electronic components there would be no problem with 
these levels of ionizing dose. However we also find 3 rad TID on layer 11 (gold). 
 
On the proton case TID has a value of 0.1 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
an ionizing dose around 0.05 rad, which is over the 0.001 limit but not for much 
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5.1.3.2 1000 incident particles 
 
 
Figure 32. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 0,1 to 1.000 rad) versus layer number, right panel 
represents protons total ionizing dose (from 0,001 to 1 rad) versus layer number. 
250 km height orbit. 1000 incident particles. 
 
Figure 32 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 1000 incident particles, on the button battery layer system located on 
the 250 km height orbit. 
 
On the electrons case TID at the battery layers is around 10 rad, which is  
higher than the tolerance limit of 1 mrad mentioned before. Since these are the 
battery layer and not the electronic components there would be no problem with 
these levels of ionizing dose. However we also find 1 rad TID on layer 11 (gold). 
 
On the proton case TID has a value of 0.1 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
an ionizing dose around 0.01 rad, which is over the 0.001 limit but not for much 
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5.1.4 TID for second battery at LEO 250 km  
 




Figure 33. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 10 to 100 rad) versus layer number, right panel 
represents protons total ionizing dose (from 0,01 to 1 rad) versus layer number. 
250 km height. 100 incident particles. 
 
 
Figure 33 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 100 incident particles, on the second battery layer system located on 
the 250 km height orbit. 
 
On the electrons case TID is only presented at the battery first layer and has a 
value of around 20 rad, which is higher than the tolerance limit of 1 mrad 
mentioned before. Since this is the battery first austenitic steel layer and not the 
electronic components there would be no problem with this level of ionizing 
dose. 
 
On the proton case TID has a value of 0.1 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
an ionizing dose around 0.01 rad, which is over the 0.001 limit but not for much 
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5.1.4.2 1000 incident particles 
 
 
Figure 34. Left panel represents the structure with battery (purple columns) 
electrons ionizing dose (from 0,1 to 100 rad) versus layer number, right panel 
represents protons total ionizing dose (from 0,001 to 0,1 rad) versus layer 
number. 250 km height. 1000 incident particles. 
 
 
Figure 34 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 1000 incident particles, on the second battery layer system located on 
the 250 km height orbit. 
 
On the electrons case TID at the battery layers is around 10 rad, which is higher 
than the tolerance limit of 1 mrad mentioned before. Since these are the battery 
layer and not the electronic components there would be no problem with these 
levels of ionizing dose. However, we find 0.1 rad TID on layers 9 (silicon) and 
11 (gold). The TID is not very high but it could easily affect the device 
performance. 
 
On the proton case TID has a value of 0.01 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
an ionizing dose around 0.01 rad, which is over the 0.001 limit but not for much 
so the effects of radiation could be somehow present.  
 
After studding the results we obtained, and seeing the Total ionizing dose for 
protons is in all cases over the limit, but not for much in the cases for the 250 
km high orbit, we decided to try adding an additional cover. The covers we used 
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5.1.5 TID for second battery with a polyethylene cover at LEO 250 km  
 
5.1.5.1 100 incident particles 
 
 
Figure 35. Left panel represents the structure with battery (purple columns) and 
polyethylene cover (blue column) electrons ionizing dose (from 10 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.01 to 1 rad) versus layer number. 100 incident particles. 
 
 
Figure 35 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 100 incident particles, on the second battery layer system with a 1.5 
cm thick polyethylene cover located on the 250 km height orbit. 
 
On the electrons case TID is only presented at the cover layer and has a value 
of around 60 rad. Comparing this results to the ones without the cover we can 
see they aren’t that much different, the TID accumulated on the cover layer is a 
bit higher. Since this is the battery cover and not the electronic components 
there would be no problem with this level of ionizing dose. 
 
On the proton case TID has a value of 0.1 rad for the cover layer and 0.03 rads 
for the battery layers. For the rest of the layers including the MEMS device there 
is an ionizing dose around 0.01 rad, which is over the 0.001 limit but not for 
much so the effects of radiation could be somehow present. These results with 
the additional cover do not solve our problem, we can see the TID on the cover 
layer is considerably higher, but the TID present on the MEMS device layers is 
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Figure 36. Left panel represents the structure with battery (purple columns) and 
polyethylene cover (blue column) electrons ionizing dose (from 0,1 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.001 to 1 rad) versus layer number. 250 km height. 1000 incident particles. 
 
 
Figure 36 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 1000 incident particles, on the second battery layer system with a 1.5 
cm thick polyethylene cover located on the 250 km height orbit. 
 
On the electrons case TID at the battery layers is around 100 rad, which is 
higher than the results without the cover. We can see TID is also presented for 
the battery first layer. Since these are the battery layer and not the electronic 
components there would be no problem with these levels of ionizing dose. On 
the results without the battery we could encounter low levels of TID at layers 9 
and 11, with the additional cover we can solve this problem. 
 
On the proton case TID has a value of 0.1 rad for the cover layer, and 0.01 for 
the battery layers which is very similar to the results without cover and also over 
the limit. For the rest of the layers including the MEMS device there is an 




















5.1.6 TID for second battery with a lead cover at LEO 250 km  
 
5.1.6.1 100 incident particles 
 
 
Figure 37. Left panel represents the structure with battery (purple columns) and 
Lead cover (dark grey column) electrons ionizing dose (from 10 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.01 to 1 rad) versus layer number. 250 km height. 100 incident particles. 
 
 
Figure 37 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 100 incident particles, on the second battery layer system with a 2mm 
lead cover located on the 250 km height orbit. 
 
On the electrons case TID is only presented at the cover layer and has a value 
of around 20 rad, which is very similar to the results without the cover. Since 
this is the battery cover layer and not the electronic components there would be 
no problem with this level of ionizing dose. 
 
On the proton case TID has a value of 0.1 rad for the battery layers, which is 
also over the limit. For the rest of the layers including the MEMS device there is 
an ionizing dose around 0.05 rad, which is above the 0.001 limit but not for 
much so the effects of radiation could be somehow present. These results are 
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5.1.6.2 1000 incident particles 
 
 
Figure 38.  Left panel represents the structure with battery (purple columns) and 
lead cover (dark grey column) electrons ionizing dose (from 0.01 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.001 to 0.1 rad) versus layer number. 250 km height. 1000 incident particles. 
 
Figure 38 shows electron (left) and proton (right) Total Ionizing Dose, measured 
in rad, for 1000 incident particles, on the second battery layer system with a 2 
mm thick lead cover located on the 250 km height orbit. 
 
On the electrons case TID at the battery layers is around 10 rad, which is 
almost the same as the results without cover. We can see how the TID 
presented on layer 9 and 11 is now gone but we can find some low levels of TID 
at layer 15.  
 
On the proton case TID has a value of 0.1 for the cover layer and  0.01 rad for 
the battery layers, which is very similar to the results without cover. For the rest 
of the layers including the MEMS device there is an ionizing dose around 0.01 
rad, which is over the 0.001 limit but not for much so the effects of radiation 
could be somehow present.  
 
 
For a higher numbers of particles we can see that lead is a very effective way to 
shield electron radiation but the effects on proton radiation are barley notable. 
(APENDIX G results for 1250 Km polar orbit). 
 
5.2 Neutron or Proton Damage 
When highly energetic neutrons or protons penetrate the crystal net of a 
semiconductor, such as silicon, atoms can get displaced through several 
mechanisms. For example, the incident particle can transfer some of its energy 
to the silicon nucleus, and if enough energy is transferred, the nucleus gets 
knocked out of position. This is called elastic scattering, and the freed silicon 
atom can lose energy through ionization or by displacing other atoms. Inelastic 
scattering can also occur, whereby the struck nucleus absorbs the neutron or 
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proton and then reemits it at a lower energy along with a gamma ray. This 
process also causes displacements. The displacements are essentially 
microscopic crystal imperfections that interfere with the orderly flow of charges 
from the source to the drain. 
The resulting crystal net contains voids where the silicon atoms were knocked 
out of position and clusters where they came to rest. These sites, known as 
traps or recombination centers, respectively, can be a source of problems in 
some semiconductor devices. 
 
5.3 Single-Event Effects 
 
This category of radiation effects is the only one in which a single particle is the 
source of the trouble. Highly energetic ions such as cosmic rays can easily 
penetrate the structure of a spacecraft, pass through internal components, and 
exit the structure in a straight line. Shielding against them is simply not practical. 
Because the heavy particles are omnidirectional, they trespass an integrated 
circuit at random times and locations, with random angles of incidence. 
 
The concept of total ionizing dose is not useful to describe a single particle; 
instead, a quantity called the linear energy transfer (LET) is used. As the 
particle traverses the material of interest, it deposits energy along its path. 
Linear energy transfer is the amount of energy deposited per unit of distance 
traveled. It is usually expressed in MeV-cm2/mg.  
An energetic ion passes through a semiconductor device living behind a track of 
ionized material. The ionized track contains equal numbers of electrons and 
holes and is therefore electrically neutral. The total number of charges is 
proportional to the linear energy transfer of the incoming particle. It is as if a 
conducting wire were suddenly inserted into the semiconductor device, 
disturbing the electric fields and normal current, temporally or permanently 
altering the operation of a transistor, for example. 
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CHAPTER 6.  CONCLUSIONS 
 
During this project we have studied the space radiation characteristics and 
effects on different components of WikiSat, a femto-satellite developed at 
EETAC. This work is a further development of the project presented by Laia 
Molas Pous (2011), in which radiation effects on WikiSat at moderate inclination 
LEOs were considered. Our main improvements with respect to the former work 
have been to consider: 
 
 exposure to higher intensity radiation environments by placing the model 
device at nearly polar orbit (80º); 
 an alternative battery that is being used by the WikiSat group. The 
batteries in these systems are relevant, not only in terms of power 
supply, but also because they can provide a radiation shield for the 
sensitive electronic components; 
 tests of different basic materials that might provide a protective shield 
against radiation. 
 
First of all we have chosen the two different orbits that we would like to study.  
In this case both orbits are Polar LEOs (80º inclination) with altitudes of 250 km 
and 1250 km above the Earth’s surface. Our main conclusions are the following: 
 
 The energy ranges appear to be independent of altitude, and lay 
between 0.01 and 100 MeV for the case of electrons and between 0.1-
1000 MeV for the case of protons.  
 Flux ranges are wider and their maximum values are higher for higher 
altitudes in the case of electrons. In the case of protons the maximum 
flux values are independent of altitude, but extend to lower fluxes for 
lower altitudes.     
 Radiation for the 250 km orbit affects mainly at the South Atlantic 
Anomaly region (SAA), while at the 1250 km orbit it affects the SAA, the 
polar regions and, to a certain extent, all through the orbit.  
 
By defining the electronic device (MEMS) material structure and composition 
and by considering different options for the battery and additional covers, we 
have modeled four main systems and have analyzed the different effects of 
space radiation on them. Apart from the choice of the battery, the main 
difference between the models with covers resides in the nature and thickness 
of the first layer.  
 
First we have considered the system composed of the button battery 1 and the 
MEMS. Battery 1 has a 0.4 mm first layer of austenitic steel. The second 
system is composed of the MEMS and battery 2. This battery is the same as the 
former, but the austenitic steel layer has been set up to 0.5 mm. The two 
remaining systems consist of an extra layer at the top. One is 1.5 cm of 
polyethylene and the other is 2 mm of lead. These two cases must be 
considered as exploratory in order to understand how a simple shield can 
improve the survival possibilities of the electronic device. 
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Figure 39. conclusions from our work. Upper table corresponds to 100 incident 
particles. Lower table corresponds to 1000 incident particles. 
 
 
Figure 39 summarizes the main conclusions that can be derived from our work. 
It shows the different values of TIDs due to energetic electrons and protons, in 
the system layers where TIDs reach their maximum values. The color code is to 
be interpreted as follows: Green boxes correspond to cases in which TID values 
in the MEMS are always below the threshold that is usually associated to a 
safety level, that is, 0.001 rad. Here we allow the possibility of higher values for 
the TIDs in some battery layers. Orange boxes mean that the TIDs for the 
corresponding cases are between 0.001 and about 0.01 rad. These values are 
above the safety threshold, but not more than one order of magnitude. In such 
cases the choice of alternative materials or some shielding might assure the 
safety of the device. Red boxes correspond to cases in which the TIDs are far 
above the safety threshold and represent a serious danger to the integrity of the 
electronic device.   
     
We can see in Figure 39 that the second battery appears to be a more efficient 
shield against electron radiation than the first button battery. In this case 
practically all the radiation is attenuated at the first layer, leaving the electronic 
components save. We can also see that the use the first button battery is 
relatively safe against electron radiation as well. For this system electron 
radiation manages to trespass all through the battery layers, but the TIDs are 




Proton radiation appears to be far more dangerous for the MEMS, as TID 
values are, in all cases, above the 0,001 rad limit. Anyway the TIDs for the 250 
km orbit are moderately high (orange color). This is the reason why we have 
decided to try some extra covers, like polyethylene and lead, in order to shield 
the MEMS from radiation. These basic options for the extra covers that we have 
tried, unfortunately, do not yield any major differences and, even though there is 
a certain decrease in the TID values, the overall qualitative result in terms of 
survival probabilities is equivalent to that of the system with battery 2.   
 
We can compare our results to the previous study of radiation effects on MEMS 
at LEO with 28º inclination (L. Molas Pous, 2011). At that inclination the model 
satellite appeared to be safe from radiation effects, even without adding any 
extra shielding layers. In our case, where polar orbits are considered, we can 
see that the weakness of the protection of the Earth’s magnetic field near the 
Poles would render such mission much more difficult. The integrity and the 
performance of the electronics would be seriously endangered by the effects of 
proton radiation in such a hostile environment, unless some efficient shielding 
was implemented.  
 
The former qualitative result could be expected, given the shape of the Van 
Allen Belts that surround the Earth, and decrease or practically disappear near 
the Polar regions. But we have shown quantitatively that, even at very high 
latitudes, the TIDs remain only about one order of magnitude above the safety 
threshold. Therefore, a careful choice of the electronic devices, composed of 
materials resistant to radiation, and the construction of a radiation shield would 
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Figure A.1 QFN24 material table 
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APPENDIX C.  1 MM AUSTENITIC STEEL LAYER BATTERY 
TEST 
TID for 1mm austenitic steel layer battery at LEO 250 km  
 




Figure C.1  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 1 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.01 to 1.0 rad) versus layer number. 
 




Figure C.2  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 0.01 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.001 to 1.0 rad) versus layer number. 
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Figure C.3  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 0.01 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.001 to 1.0 rad) versus layer number. 
 
 
TID for 1mm austenitic steel layer battery at LEO 1250 km 
  




Figure C.4  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 1000 to 10,000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 10 
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1000 incident particles 
 
 
Figure C.5  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 1 to 10,000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 10 
to 1000 rad) versus layer number. 
 




Figure C.6  Left panel represents the structure with 1mm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 1 to 10,000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 10 
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Layer study for 1 mm austenitic steel layer battery at LEO at 250 km 
 
10 incident particles 
 
Electrons                                                     Protons 
 
                                    
 
Figure C.7 System with 1mm austenitic steel first layer battery  10 electrons as 
incident particles (left) 10 protons as incident particles (right). 
 
 
100 incident particles 
 
 Electrons                                              Protons 
 
                              
 
Figure C.8 System with 1mm austenitic steel first layer battery  100 electrons 
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Layer study for 1 mm austenitic steel layer battery at LEO at 1250 km 
 
10 incident particles 
 
Electrons                                                     Protons 
 
         
 
Figure C.9 System with 1mm austenitic steel first layer battery  10 electrons as 
incident particles (left) 10 protons as incident particles (right). 
 
 
100 incident particles 
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Figure C.10  System with 1mm austenitic steel first layer battery  100 electrons 
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APPENDIX D.  1 CM AUSTENITIC STEEL LAYER BATTERY 
TEST 
 
TID for 1cm austenitic steel layer battery at LEO 250 km  
 




Figure D.1  Left panel represents the structure with 1cm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 10 to 100 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.1 to 1.0 rad) versus layer number. 
 




Figure D.2  Left panel represents the structure with 1cm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 0.1 to 10 rad) 
versus layer number, right panel represents protons total ionizing dose (from 
0.001 to 0.1 rad) versus layer number. 
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TID for 1cm austenitic steel layer battery at LEO 1250 km 
  




Figure D.3  Left panel represents the structure with 1cm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 100 to 1000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 10 
to 1000 rad) versus layer number. 
 




Figure D.4  Left panel represents the structure with 1cm austenitic steel first 
layer battery (purple columns) electrons ionizing dose (from 100 to 1000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 10 
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Layer study for 1 cm austenitic steel layer battery at LEO at 250 km 
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 Electrons                                              Protons 
 
                     
                  
Figure D.5  System with 1cm austenitic steel first layer battery 100 electrons as 
incident particles (left) 100 protons as incident particles (right). 
 
Layer study for 1 cm austenitic steel layer battery at LEO at 1250 km 
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Figure D.6  System with 1cm austenitic steel first layer battery 100 electrons as 
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APPENDIX E.  1 CM ALUMINIUM LAYER BATTERY TEST 
 
TID for 1cm aluminium layer battery at LEO 250 km  




Figure E.1  Left panel represents the structure with 1cm aluminium first layer 
battery (purple columns) electrons ionizing dose (from 10 to 100 rad) versus 
layer number, right panel represents protons total ionizing dose (from 0.01 to 
0.1 rad) versus layer number. 
 




Figure E.2  Left panel represents the structure with 1cm aluminium first layer 
battery (purple columns) electrons ionizing dose (from 10 to 100 rad) versus 
layer number, right panel represents protons total ionizing dose (from 0.001 to 












Figure E.3  Left panel represents the structure with 1cm aluminium first layer 
battery (purple columns) electrons ionizing dose (from 0.001 to 100 rad) versus 
layer number, right panel represents protons total ionizing dose (from 0.01 to 
0.1 rad) versus layer number. 
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APPENDIX F.  TOTAL IONIZING DOSE FOR SYSTEM 
WITHOUT BATTERY 
 
TID for system without battery at LEO 250 km  




Figure F.1  Left panel represents electrons ionizing dose (from 10 to 10,000 
rad) versus layer number, right panel represents protons total ionizing dose 
(from 10 to 100 rad) versus layer number. 
 




Figure F.2  Left panel represents electrons ionizing dose (from 1 to 10,000 rad) 
versus layer number, right panel represents protons total ionizing dose (from 











TID for system without battery at LEO 1250 km  




Figure F.3  Left panel represents electrons ionizing dose (from 100 to 
1,000,000 rad) versus layer number, right panel represents protons total 
ionizing dose (from 10 to 100,000 rad) versus layer number. 
 




Figure F.4  Left panel represents electrons ionizing dose (from 10 to 1,000,000 
rad) versus layer number, right panel represents protons total ionizing dose 
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APPENDIX G.  ADDITIONAL COVER RESULTS 
 
TID for system with polyethylene cover and second battery at LEO 
1250km  
 




Figure G.1 Left panel represents the structure with battery (purple columns) 
and polyethylene cover (blue column) electrons ionizing dose (from 1000 to 
10,000 rad) versus layer number, right panel represents protons total ionizing 
dose (from 10 to 1000 rad) versus layer number. 
 
 




Figure G.2 Left panel represents the structure with battery (purple columns) 
and polyethylene cover (blue column) electrons ionizing dose (from 0.1 to 
10,000 rad) versus layer number, right panel represents protons total ionizing 
dose (from 10 to 1000 rad) versus layer number. 
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TID for system with lead cover and second battery at LEO 1250 km  
  




Figure G.3 Left panel represents the structure with battery (purple columns) 
and polyethylene cover (blue column) electrons ionizing dose (from 1000 to 
10.000 rad) versus layer number, right panel represents protons total ionizing 
dose (from 1 to 1000 rad) versus layer number. 
 
 




Figure G.4 Left panel represents the structure with battery (purple columns) 
and polyethylene cover (blue column) electrons ionizing dose (from 0.1 to 
10.000 rad) versus layer number, right panel represents protons total ionizing 
dose (from 10 to 1000 rad) versus layer number. 
 
 
